One new class of biologics that is generating a great deal of interest as next-generation cancer therapeutics are bispecific antibodies that simultaneously target the cluster of differentiation 3 (CD3) protein and tumor-associated antigens to recruit cytotoxic T cells from the patients own immune system to eliminate cancer cells. [1] Examples include the first approved bispecific antibody in Europe, Catumaxomab, [2] and Blinatumomab, [2] an anti-CD19-anti-CD3 bispecific antibody that showed a high rate of complete response in refractory acute lymphoblastic leukemia (ALL) patients in phase II clinical trials. [3, 4] As cancer therapeutics, bispecific antibodies have several attractive features: formation of an immunological synapse results in efficient killing of tumor cells by activated T cells; T cell-mediated cytotoxicity can have a bystander effect on heterogeneous tumor and cancer stem cells; bispecific antibodies should be effective against cancers with upregulated drug pumps; and finally, bispecific antibodies do not rely on a high copy number of surface antigens or efficient receptor-mediated internalization. [5, 6] In general, bispecific antibodies are expressed recombinantly as tandem ScFv or full-length chimeric antibodies, [7, 8] but these constructs can suffer from poor pharmacokinetic and physical properties, immunogenicity, or manufacturing challenges. [9] We recently developed a semisynthetic approach to the synthesis of bispecific antibodies using unnatural amino acids (UAAs) with orthogonal chemical reactivity that affords homogenous conjugates with precise control over the relative geometry of the two antibody binding sites. One such bispecific antibody that targets cytotoxic T cells to Her2 + breast cancer cells showed good half-life and excellent efficacy in rodent xenograft models. [10] In addition to antibodies, small-molecule ligands have been identified with high affinity and specificity for tumor-associated cell-surface antigens. [11, 12] One example is folic acid (FA), which binds tightly to the folate receptor (FR) and is highly expressed on a variety of cancer and inflammatory cells. [13] Based on the limited distribution of FR in healthy tissues, Low and coworkers have used folate for the selective delivery of antineoplastic agents to FR + cancers, such as ovarian cancer and non-small-cell lung cancer, [14] and these agents are showing promising clinical results. Although four isoforms of FR have been reported (FRa, FRb, FRg, and FRd), only FRa and FRb are overexpressed in epithelial-derived cancers (i.e., ovary, kidney, breast, liver), as well as anti-and pro-inflammatory macrophages. [15, 16] Distribution of FRa in normal tissues is limited to the apical surfaces of the choroid plexus, the apical surfaces of proximal tubule cells of kidney, and in the airways of lungs. [17] Herein, we report the synthesis of a folatederivatized anti-CD3 Fab conjugate (Figure 1 A) using UAA mutagenesis and show that it has excellent in vitro and in vivo activity.
Although FA consists of a-and g-carboxylic acid groups, previous studies, [18] including a recent crystal structure of human folate receptor alpha in complex with folic acid, [19] indicates that its g-carboxylic acid is solvent exposed and not involved in binding to FR, providing an ideal conjugation site for cytotoxic agents. Thus, a polar PEG linker was conjugated to the g-carboxylic acid to improve the water solubility of FA, and to provide adequate distance for the formation of an immunological synapse between the cancer cells and T cells (Supporting Information, Scheme S1). An aminooxy moiety was incorporated at the distal end of the PEG linker and selectively conjugated by oxime bond formation (> 95 % yield) to an anti-human CD3 Fab fragment (UCHT1) with a genetically encoded p-acetylphenylalanine (pAcPhe) at position 136 in the heavy chain (HK136TAG), which is distal to the binding site. pAcPhe was site-specifically introduced into the Fab using an amber suppressor tRNA/aminoacyltRNA synthetase (aaRS) pair specific for pAcPhe (Figure S1A ). The final conjugate was purified using a cation exchange column with a NaCl gradient at pH 6 and buffer exchanged into PBS (pH 7.4) to furnish the anti-CD3 Fabfolate conjugate in > 95 % yield. SDS-PAGE and mass spectrometry showed the expected mass with an approxi-mately 813 Da difference between the anti-CD3 Fab-folate conjugate and the unconjugated anti-CD3 Fab, corresponding to conjugation of one folate per Fab ( Figure S1B ,C).
The affinity and specificity of the anti-CD3 Fab-folate conjugate were evaluated using both FR (Figure 2 A) . Furthermore, incubation (16 hours) of SKOV-3 cells (Figure 2 B) or KB cells ( Figure S5 ) with activated PBMCs (1:10 ratio of target/effector cells) in folatedeficient media in the presence of the anti-CD3 Fab-folate conjugate resulted in the formation of rosettes, providing additional evidence for T cell targeting. In contrast, the anti-CD3 Fab had no effect on T cell engagement and clusters were not observed in the absence of PBMCs or KB cells ( Figure S5) .
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unconjugated anti-CD3 Fab was injected intravenously in three rats, serum was collected at regular intervals and analyzed by ELISA. The serum concentration decreased for both the anti-CD3 Fabfolate conjugate and the corresponding unconjugated mutant anti-CD3 Fab at the same rate with a serum half-life of Cytotoxicity was quantitated by measuring LDH levels released from lysed cells according to the manufacturer's protocol (Cytotox 96 nonradioactive cytotoxicity assay, Promega). B) SKOV-3 cells were maintained in folate-free RPMI-1640 medium supplemented with 10 % FBS for at least three passages before being seeded in a 48-well cell-culture plate and allowed to attach to the plate, after which activated human PBMCs (1:10 ratio of target/effector cells) were added. Anti-CD3 Fab or anti-CD3 Fab-folate was diluted in folate-free medium and added at the indicated concentration and the co-culture was incubated for 16 h. Images were taken with a VistaVision microscope with a 25 objective. 60 minutes (Figure 3 A) . Thus, the anti-CD3 Fab-folate conjugate has similar pharmacokinetics to the unconjugated anti-CD3 Fab, indicating that PK profile of the conjugate was not affected by folate modification.
The in vivo efficacy of the anti-CD3 Fab-folate bispecific agent was then assessed in a xenograft model using female NOD-SCID mice. Animals were maintained on a low-folate diet to reduce circulating serum levels of folate that might compete with the bispecific agent (in a clinical context, patients could also be prescribed a restricted folate diet prior to therapy). Because the number and activation status of effector T cells in a cancer patient is not well understood, we chose to investigate the efficacy of the anti-CD3 Fab-folate conjugate with varying numbers of both non-activated as well as activated human PBMCs. KB (FR + ) or A549 (FR À ) cells were able to form tumors when mixed with non-activated human PBMCs (1:100 ratio of target/effector cells) or activated human PBMCs (1:10 ratio of target/effector cells) and injected subcutaneously into mice. We therefore implanted KB cells mixed with activated human PBMCs (1:10 ratio of target/effector cells) into mice and injected the mice intravenously with 1.5 mg kg À1 of anti-CD3 Fab-folate or PBS daily for ten days starting on the same day as the tumor cell implantation. This dosing regimen was chosen based on the pharmokinetic properties of the anti-CD3 Fab-folate conjugate and previous studies with bispecific antibodies. [10] Tumor volumes showed a rapid increase in the PBS-treated mice, with a doubling time of approximately five days. In contrast, tumors in mice treated with anti-CD3 Fab-folate were barely detectable throughout the duration of the study (Figure 3 B) . In a parallel study, mice were implanted with KB cells mixed with unactivated human PBMCs (1:100 ratio of target/effector cells) and treated intravenously with 1.5 mg kg À1 of anti-CD3 Fab-folate or PBS daily for ten days starting on the same day as tumor cell implantation. Tumor volumes for both groups of mice decreased for the first 30 days of the study, possibly owing to the high burden of PBMCs at the injection site. The rate of decease of the tumors was, however, higher in the anti-CD3 Fab-folate-treated mice. After day 35 of the study, the tumors in PBS-treated mice steadily increased in volume while tumors in the anti-CD3 Fab-folate-treated mice decreased to barely detectable levels, indicating the engagement of cytotoxic T cells for the elimination of the tumors by the anti-CD3 Fab-folate conjugate even in the absence of activated T cells (Figure 3 C) . To test the in vivo selectivity of the anti-CD3 Fabfolate conjugate for FR expressing tumors, A549 cells (FR À ) were mixed with unactivated human PBMCs (1:100 ratio of target/effector cells) and implanted in mice. Mice were treated in a similar manner with ten daily intravenous doses of 1.5 mg kg À1 anti-CD3 Fab-folate and showed no significant difference from PBS-treated tumors 20 days after treatment ( Figure S6A ). Throughout all these studies no weight loss or other overt toxicity was observed in both anti-CD3 Fab-folate and PBS-treated mice (Figure 3 D, Figure S6B ). We further performed histopathological analysis of the mice both with and without anti-CD3 Fab-folate injection. Staining of kidneys from mice treated with anti-CD3 Fab-folate or PBS showed no infiltration of T cells; no obvious pathological differences in hematoxylin and eosin (H&E) staining between the treatment and control groups were observed for other tissues such as spleen, lung, and liver ( Figure S7) .
We have developed a simple, high-yield method for the conjugation of folate to an anti-CD3 Fab to afford chemically defined, ligand-targeted anti-CD3 antibodies. This anti-CD3 Fab-folate conjugate was able to engage human PBMCs in vitro and in vivo to mediate the lysis of FR + tumor cells. Recently, an anti-CD3 Fab-folate conjugate was synthesized using a selenocysteine Fab mutant. [20] This conjugation strategy, however, involves the formation of a maleimide linkage, which is relatively unstable at physiological pH, is limited to substitution near the C-terminus, and affords relatively low yields of the isolated product. A complementary approach targets FR + tumors using folic acid to deliver the chemotherapeutic drug, vinblastine, and is currently being evaluated in the clinic against platinum-resistant ovarian cancer and non-small-cell lung cancer, [21, 22] The results presented herein not only further emphasize the utility of targeting high-affinity FR on the cell surface of tumors, but also provide a general method for site-specific conjugation of targeting ligands to antibodies with a high degree of control over conjugation site and stoichiometry. We are currently extending this approach to other tumor-specific ligands as well as other effector domains. A) The serum half-life of anti-CD3 Fab-folate was measured after a single bolus IV injection of male Sprague Dawley rats. NOD-SCID mice bearing KB tumors co-implanted with B) human-activated PBMCs 1:10 ratio (target/effector) or C) non-activated PBMCs 1:100 ratio (target/effector; N = 10 mice per group). Animals were treated intravenously with 1.5 mg kg À1 anti-CD3 Fab-folate or vehicle daily for ten injections (black arrows) starting on the same day as tumor cell implantation. Tumors were measured in two perpendicular directions and their volumes were estimated using the formula V = (L W W)/2 where V = volume, W = shortest diameter, and L = longest diameter. Body weight D) does not decrease during the dosing period suggesting the material is not overtly toxic. Data points represent the group average and error bars represent the standard error of the mean.
